We investigated whether oxidative stress and the arginine/nitric oxide pathway differ in control subjects and in adult patients who are candidates for the three most common cardiac surgical operations: coronary bypass surgery, aortic valve replacement for calcific non-rheumatic aortic stenosis or mitral valve repair for degenerative mitral insufficiency.
INTRODUCTION
Oxidative stress results from the imbalance between the generation of reactive oxygen species (ROS) and the ability of cells and tissues to readily detoxify them. The increased oxidative stress can impair the synthesis of the main vasoactive mediator, nitric oxide (NO) and inactivate the produced NO by transforming it into peroxynitrate. NO, produced by the oxidation of L-arginine (Arg) by NO synthase (NOS), promotes many beneficial effects in the vasculature, including vasodilatation, enhanced fibrinolysis and inhibition of multiple atherothrombotic processes such as platelet aggregation, leucocyte adhesion and smooth muscle cell proliferation. Some authors have proposed oxidative stress and NO pathway derangements as potential determinants of postoperative adverse events such as cardiopulmonary bypass (CPB)-related complications [1] and vein graft failure [2] or atrial fibrillation [3] , since they play a significant role in cardiovascular diseases such as atherosclerosis, coronary artery disease, diabetes and heart failure [4, 5] .
In addition, preoperative serum asymmetric dimethylarginine (ADMA) was described to identify paediatric cardiac surgery patients at risk of poor postoperative outcomes following CPB [6] .
Much less information is available concerning patients undergoing adult cardiac surgery. A sustained overproduction of ROS was previously demonstrated in coronary artery bypass surgery [7] , and evidence was provided of the importance of the NO signalling cascade in aortic valve stenosis and in its progression to sclerosis [8] .
Previous studies in patients with valve disease were focused on alterations of valve tissues or on in situ markers of oxidative stress [9, 10] , and only limited information is available concerning the circulating levels of the different components of the antioxidant/ oxidant balance and the synthetic pathway of NO in coronary vs valve disease and in surgical patients vs healthy controls.
This study was performed to answer two main questions: first, do surgical patients suffering from coronary, aortic and mitral diseases with surgical indication differ with respect to healthy subjects with a similar profile of cardiovascular risk factors, in terms of oxidative stress and NO impairment? Secondly, do the profiles of plasma oxidative and NO precursors/inhibitors differ according to the three surgical pathologies? Thus, in this study, we have assessed the levels of oxidative stress and NO markers in the plasma of healthy controls and patients undergoing isolated coronary bypass surgery, aortic valve replacement for calcific nonrheumatic aortic stenosis or mitral valve repair for degenerative mitral insufficiency, which are the three most common adult cardiac operations.
MATERIALS AND METHODS
Written informed consent to participate to this observational study, which was approved by Centro Cardiologico Monzino Institutional Review Board, was obtained from all patients. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee.
Study design
An observational study comparing three groups of surgical patients and one group of controls with a similar prevalence of risk factors, but free from cardiovascular disease.
Study population
Over a 6-month period ( January 2011-June 2011), 321 consecutive patients who were candidates for a cardiac surgical procedure at the Centro Cardiologico Monzino of Milan were screened. Preoperative inclusion criteria were the need for elective, isolated surgical procedure, age between 18 and 80 years, ejection fraction of >30%, normal sinus rhythm and no history of atrial fibrillation. Patients suffering from renal or liver disease or taking antioxidants (e.g. vitamin supplementation) within 30 days prior to surgery were excluded. We enrolled 169 patients who were candidates for the following surgical procedures: coronary artery bypass surgery (CABG, n = 65), aortic valve replacement for calcific nonrheumatic aortic stenosis (Aortic, n = 52) and mitral valve repair for degenerative mitral valve regurgitation (Mitral, n = 52). Two patients (1 CABG and 1 Aortic) were excluded from analyses because they refused to participate in the study, while the other ones (1 CABG and 1 Mitral) underwent multiple interventions. Valve lesions were classified on the basis of echocardiographic and surgical findings.
Healthy subjects (age between 18 and 80 years) with normal sinus rhythm, no electrocardiographic alterations and no history of atrial fibrillation (Controls, n = 33) were screened from those attending the clinic for global control of cardiovascular risk at Centro Cardiologico Monzino, IRCCS. Cardiovascular risk factors present in patients were taken into consideration for the enrollment: in particular, age, gender, family history of coronary artery disease, diabetes mellitus, hypertension, hypercholesterolaemia and history of smoking habits. Subjects suffering from renal or liver disease or taking antioxidants (e.g. vitamin supplementation) within 30 days prior to surgery were excluded. The clinical features of Controls, CABG, Aortic and Mitral patients are listed in Table 1 .
All subjects were assessed with detailed medical history, physical examination and electrocardiography. Echocardiography was performed in patients who were candidates for surgery.
Blood sampling and biochemical measurements
In all surgical patients, blood and urine were collected the day before surgery or the day before coronary angiography. When prescribed, the latter was performed during the same admission, within 2 days before surgery. Controls underwent sample collection at a scheduled visit.
(i) Whole blood: a peripheral blood sample was drawn from patients and controls while fasting, collected in tubes containing ethylenediaminetetraacetic acid, (EDTA) disodium salt (9.3 mM; Vacutainer Systems, Becton Dickinson, Franklin Lakes, NJ, USA), kept on ice and immediately precipitated with 10% trichloroacetic acid (Sigma-Aldrich, St Louis, MO, USA) in 1 mM EDTA solution. After centrifugation at ×10 000g for 10 min at 4°C, the supernatant was stored at −80°C until analysis. (ii) Plasma: EDTA-anticoagulated blood was centrifuged at ×3000g for 10 min at 4°C within 30 min after being drawn. Plasma was separated and aliquots were stored at −80°C until analysis. (iii) Urine: An overnight urine collection the night before surgery or the night before the visit was carried out and samples stored at −80°C until analysis.
In this study, we have assessed the following markers:
(i) Oxidative stress: whole blood reduced a glutathione (GSH)/disulphide glutathione (GSSG) ratio (GSH/GSSG); urinary 8-isoprostaglandin F 2α ). Levels of GSH and GSSG were determined in whole blood by the liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. The separation of analytes was conducted on a Luna PFP analytical column (100 × 2.0 mm, 3 µm, Phenomenex, Torrance, CA, USA) eluted at 35°C under isocratic conditions at 200 µl/min by 1% methanol in ammonium formate 0.75 mM adjusted to pH 3.5 with formic acid. Analysis was performed by an Accela chromatographic system coupled with a triple quadrupole mass spectrometer TSQ Quantum Access (Thermo Fisher Scientific, San Jose, CA, USA) using electrospray ionization source in the positive ion mode. The transitions used in the multiple reaction monitoring were m/z 308.1 m/z 76.2 + 84.2 + 161.9 for GSH and m/z 613.2 m/z 230.5 + 234.6 + 354.8 for GSSG. Data were obtained after comparison with calibration curves using GSH and GSSG standard solutions (Sigma-Aldrich). The intra-and inter-coefficients of variation (%) obtained with standard samples were <5% for the both the analytes considered. The limits of detection were 0.031 µmol/l and 0.008 µmol/l for GSH and GSSG, respectively. Levels of GSH and GSSG were corrected for haemoglobin and expressed as µmol/g Hb.
Urinary 8-iso-PGF 2á was detected by the LC-MS/MS method according to Cavalca et al. [11] . The urinary concentration was calculated from the area ratio of the ion peaks of the 8-iso-PGF 2α over the respective deuterated standard (8-iso-PGF 2α -d 4 ). The estimated values were corrected for the urinary creatinine levels and expressed as pg/mg of creatinine.
(ii) Antioxidants: plasma vitamin E (α-tocopherol and γ-tocopherol).
Plasma α-and γ-tocopherol were measured by high-performance liquid chromatography (ESA Bioscences, Chelmford, MA, USA) equipped with fluorimetric detector FP-1520 (Jasco, Tokyo, Japan), after organic extraction as previously described [12] . (iii) Arginine/NO pathway: the substrate L-arginine (Arg) and the endogenous inhibitors of NO synthesis, ADMA and symmetric dimethylarginine (SDMA) were evaluated in plasma.
Their simultaneous determination was performed by LC-MS/MS as previously described [13] . The Arg/ADMA and Arg/SDMA ratios were calculated as indexes of the Arg/NO metabolic pathway status.
Statistical analysis
Continuous variables are summarized as mean ± 95% confidence intervals (95% CIs) if normally distributed; in case, they were not normally distributed, they were log-transformed before analysis. Categorical variables are summarized as frequency and percentage, and compared among groups by χ 2 . Variables with a sparse distribution (<5 expected counts in one or more cells) were compared by the Fisher's exact test. Plasma biomarkers of oxidative balance and the NO pathway were first compared between Controls and patients who were candidates for surgery (CABG, Aortic, Mitral patients together) by general linear models. As there were major differences in the clinical features in the study groups, three statistical models with different levels of adjustment for baseline clinical features were employed: Model 1, unadjusted; Model 2, adjusted for age and gender; Model 3, adjusted for age, gender, body mass index, hyperglycaemia, dyslipidaemia, hypertension and treatment with anti-platelet, anti-hypertensive drugs, nitrates and statins. The same models were employed to test the differences within the three groups of patient who were candidates for surgery. All the variables that yielded a significant P-value for analysis of variance (ANOVA; three-group comparison) underwent a post hoc analysis to test individual between-group differences.
Our sample size allowed 80% power to deem as significant a difference of 50% of a standard deviation in the comparison of patients vs Controls and a difference of 60% in the comparison of different patient groups.
We then analysed the overall patterns of oxidative balance and NO pathway markers by including all 10 variables (log GSH/GSSG ratio, log 8-iso PGF 2α , α-tocopherol, log γ-tocopherol, GSH, Arg, ADMA, SDMA, Arg/ADMA ratio and Arg/SDMA ratio) in a principal component analysis (PCA). PCA is a statistical dimensionreduction technique widely employed to compress a large set of variables into a few components that convey a large proportion of the information contained in the original data. We used the first two principal components to plot the reciprocal distances of the four groups of subjects, in terms of oxidative balance and NO pathway markers, in a bidimensional graph.
All tests were two-sided and P-values of <0.05 were considered significant. All analyses were performed by SAS v. 9.2. 
RESULTS

Patients
Patient groups differed in terms of preoperative clinical features (Table 1) , according to the natural history of the coronary or valve diseases. Briefly, patients with mitral valve disease were the youngest and Aortic patients were the oldest; CABG patients were more frequently males, hypertensive and dyslipidaemic. As expected, drug regimens sensibly differed, with CABG patients more frequently receiving statins, anti-platelet and anti-hypertensive drugs, and aortic disease patients receiving more drug therapies than mitral valve patients and controls.
Oxidative stress
Oxidative stress was significantly greater in patient who were candidates for surgery with respect to controls, regardless of the statistical model employed (Table 2) : GSH/GSSG ratios were higher, and urinary 8-iso-PGF 2α levels were lower in Controls, compared with surgery patients (Fig. 1A and B) . The GSH/GSSG ratio was lower in Mitrals than in both CABG and Aortic patients (Fig. 1A and Table 3 ), whereas no differences according to surgery treatment were found in urinary 8-iso-PGF 2α (Fig. 1B and Table 3 ).
Antioxidants
Plasma α-and γ-tocopherol were lower in patients scheduled for surgery with respect to Controls ( Table 2) ; GSH levels also were lower in patients than in Controls, reaching significance after adjusting for all the variables considered (Model 3). No differences were detected in relation to the type of surgery (Table 3 and Fig. 2 ).
Arginine/nitric oxide pathway
Arginine levels, as well as SDMA levels, did not differ between Controls and patients; ADMA levels were higher in candidates for surgery and there was a trend towards a lower Arg/ADMA ratio (Table 2) . Interestingly, both Arg/ADMA and Arg/SDMA ratios were lower in Mitral patients with respect to CABG and Aortic patients; no differences were found between the last two groups (Table 3 and Fig. 3B and C). 
Principal component analysis
The PCA takes into consideration all the variables tested, allowing for a global evaluation. The first two principal components accounted for nearly 50% of the total sample variance (28% the first and 18% the second). Table 4 reports the Pearson's correlation coefficients of the first two principal components with the 10 variables included in the analysis. The first principal component was more correlated with the variables involved in oxidative stress ( positively with GSH and negatively with urinary isoprostanes) and could be interpreted as an antioxidant defence component; the second component was more correlated with the Arg/NO pathway (negatively with arginine and positively with SDMA) and could be interpreted as an impaired NO pathway component. Figure 4 shows the location of the four groups in the plain defined by the first two principal components. In the bidimensional plot, Mitral patients were located at a greater distance from the controls than CABG and Aortic patients.
DISCUSSION
In recent years, the main role of oxidative stress in cardiovascular disease has been underscored. Enhanced production or attenuated degradation of ROS both affect endothelial and vascular functions and may contribute to atherosclerosis progression. NO, released by normal endothelium, is one of the main determinants of normal endothelial and vascular function. It has been shown that cardiovascular risk factors can promote an imbalance between endogenous oxidants and antioxidants resulting in oxidative stress, impaired NO pathway function and, eventually, vascular dysfunction. The combination of oxidative stress and NO pathway impairment may ultimately contribute to developing clinical cardiovascular events. Previous studies have widely addressed the problem of oxidative stress in atherosclerosis and coronary artery disease, suggesting that oxidative stress might even be considered as an unifying mechanism for many cardiovascular risk factors [14] , and that a vicious circle between oxidative stress and inflammation can occur not only in the diseased arterial wall, where it also causes loss of antioxidant protection and cell death. Much less is known concerning the role of oxidative stress and the Arg/NO pathway in patients undergoing cardiac surgery, in particular in those affected by valve diseases. Regarding nonrheumatic calcific aortic stenosis, the most frequent type of valve disease that eventually leads to surgery, several studies have addressed the role of localized oxidative stress (within the diseased aortic valve itself ). Calcified areas of stenotic aortic valves have shown elevated levels of oxidative stress [15] , suggesting that the presence of ROS promotes the progression of aortic valve calcification [9] .
In addition, it has been proposed that an uncoupled NOS may also contribute to and exacerbate oxidative stress [15] . Many of the risk factors involved in coronary artery valve disease and coronary atherosclerosis are associated with endothelial dysfunction. Several studies in multiple species have demonstrated a role of endothelial NO in the pathogenesis of calcific aortic valve disease, but the mechanism by which it affects valvular interstitial cells is still unknown. Regarding aortic valve disease, Schumm et al. [16] demonstrated a direct link between endothelial function and haemodynamic parameters of moderate-to-severe aortic stenosis. This effect might be mediated by NO release, due to turbulent poststenotic blood flow or the rising transvalvular gradient. However, limited evidence is available on systemic circulating markers. Ochoa et al. [17] studied 11 candidates for coronary bypass and 11 for aortic valve surgery, showing that plasma levels of thiobarbituric acid reactive substances, α-tocopherol, coenzyme Q and retinol were similar between the two groups; more recently, Ferrari et al. showed similar levels of ADMA and homocysteine in healthy controls and in patients with calcific aortic stenosis scheduled for surgery [18] , but in both cases the sample size of the study populations were somehow limited. Furthermore, Cagirci et al. [19] suggested ADMA as a valuable biomarker to assess the grade of aortic valve stenosis and to monitor disease progression.
If we consider the second most frequent valve disease of the adult, mitral valve regurgitation, data concerning the levels of markers of oxidative stress and the Arg/NO pathway are even more limited: some early animal studies suggested increased oxidative stress both in plasma and in tissues [20] , whereas studies done in humans showed increased levels of oxidative stress in the left ventricular myocardium of patients undergoing repair surgery [21] . A recent pilot study assessing a limited number of patients suggested a possible link between serum oxidative stress index, left atrial enlargement and atrial fibrillation [22] . Finally, Ci et al. [23] showed an increase in endothelial microparticles that, in turn, impair endothelial cell function and may accelerate the oxidative damage of the mitral valve. All these results suggest that the L-arginine/NO pathway may play a role in heart-valve pathogenesis.
To our knowledge, there are no studies that have compared oxidative stress markers, antioxidants levels and the molecules involved in the Arg/NO pathway. In this study, we have enrolled all comers for an elective isolated surgical procedure (associated 
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procedures such as CABG plus valve were excluded) who were in sinus rhythm without a previous history of atrial fibrillation at the time of surgery (the possible contribution of atrial fibrillation to increased oxidative stress levels was thus excluded) in order to characterize the different diseases. Our data clearly show that candidates for heart surgery have increased oxidative stress markers and reduced antioxidant levels with respect to controls, and this is paralleled by in increase of ADMA levels, which, in turn, might eventually result in an impairment of NO production.
Even more important, differences and similarities between the different pathologies have been observed, taking into account that our sample size was adequate to asses even minor differences, of the order of one half of a standard deviation, for each variable.
Aortic patients had similar levels of oxidative stress, antioxidants and Arg/NO pathway markers with respect to CABG patients. Very similar levels of these biomarkers were also found when Aortic patients were categorized by the absence (n = 36) or the presence (n = 15) of mild or moderate (<50%) coronary stenoses at coronary angiography (data not shown). This suggests that the similarities observed between coronary disease and aortic valve disease may be determined by their common atherosclerotic origin and may be predominant, rather than the dissimilarities [24] , causing a similar impairment of pathways considered in this study whose role in cardiovascular disease progression is still probably overlooked.
Patients with mitral valve disease, instead, had increased plasma oxidative stress markers with respect to CABG and Aortic groups and a more pronounced impairment of the NO synthetic pathway as documented by the lowest ratios between precursors and inhibitors, i.e. Arg/ADMA and Arg/SDMA ratios, probably resulting in a higher degree of endothelial dysfunction. Indeed, this is a rather unexpected finding as the baseline clinical features of Mitral patients, who are younger (notably, their mean age is comparable with that of Controls) and have lower incidence of cardiovascular risk factors with respect to CABG and Aortic groups, did not anticipate this scenario in terms of the factors involved in oxidative stress and NO synthesis. The increased levels of these markers observed in patients with mitral valve disease persisted even after the adjustment for baseline clinical features, confirming the robustness of these data. A possible explanation of this finding is currently lacking; we might speculate that differences in shear stress or in the rheological features inherent to mitral valve regurgitation may contribute to that, as it is known that patients with mitral regurgitation show very striking perturbations of regurgitant flow in the left atrium [25] . This, however, remains a mere hypothesis. The next step in the understanding of these processes is the study of the time course of these variables after surgical correction of the underlying heart disease. In other words, this will allow us to ascertain whether the perturbations of these pathways are due Table 2 .
No missing data except for 7 8-iso PGF 2α determinations among patients (3 in the Aortic group and 4 in the Mitral group). ADMA: asymmetric dimethylarginine; Arg: arginine; GSH: glutathione; GSSG: disulphide glutathione; PGF: prostaglandin; SDMA: symmetric dimethylarginine. *ANOVA three-group comparison: *P < 0.05 vs Mitral, **P < 0.01 vs Mitral; significant P values are reported in bold; no statistically significant differences were observed between CABG and Aortic patients in any comparison of any model. to the disease itself or to the haemodynamic derangements/ perturbations in flow patterns due to valve disease. If this latter hypothesis is true, a normalization of these variables over time is expected. Although the increase in oxidative stress markers is well documented in our study, at present it is too early to suggest that the therapeutic use of antioxidants could somehow improve the clinical outcomes in these patients. In fact, although experimental studies indicate that oxidative stress and inflammation interact and conribute to an accelerated atherosclerotic disease process, being very detrimental for patients affected by severe heart disease, the use of antioxidants before surgery has given inconsistent results in clinical trials. Therefore, further studies are needed, particularly with early enrollment of patients before surgery, which could allow the demonstration of whether antioxidant preoperative administration can reverse the pro-oxidant state that we have documented to occur in these patients. This study has one limitation: the differences in baseline clinical features between the different patient populations. These differences were accepted in order to gather the most reliable information concerning patients who need cardiac surgery for the three most frequent cardiac diseases of the adult: coronaries, aortic and mitral valves. We chose to study all comers (with subsequent analyses performed in order to adjust for different clinical features) instead of performing a cherry pick among candidates. In addition, our results reflect the characteristics of patients attending our specific centre, and more in general, the clinical features of patients who were candidates for the different types of surgery.
CONCLUSIONS
Our study shows that oxidative stress is increased in surgical candidates with respect to controls, and that Mitral patients have increased levels of this stress. In addition, Mitral patients have a more pronounced impairment of the factors involved in NO generation. The possible clinical consequences of these findings have to be addressed in future studies. 
